Ruthenium thin films were deposited by atomic layer deposition from bis(N,N'-di-tert-butylacetamidinato)ruthenium(II) dicarbonyl and O 2 . Highly conductive, dense and pure thin films can be deposited when oxygen exposure O E approaches a certain
Introduction
Smooth ruthenium thin films with low resistivity and high purity are candidates for various applications in microelectronics such as electrodes for both dynamic random access memories and metal-oxide-semiconductor field effect transistors, [1] and seed layers for copper interconnections. [2] Ru has a conductive oxide, RuO 2 , which makes it an ideal substrate for oxide dielectrics deposited with ozone, such as rutile phase TiO 2 . [3] Ru thin films have been deposited by both physical vapor deposition and chemical vapor deposition. However, atomic layer deposition (ALD) is still preferred for conformal deposition for structures with very high aspect ratios.
Several ALD ruthenium precursors have been studied. The cyclopentadienyl (Cp) compounds, such as RuCp 2 and Ru(EtCp) 2 , [2, 4, 5] and the tris--diketonates (thd) compounds, such as Ru(thd) 3 , [6] have been studied with O 2 as co-reactant. The ruthenium amidinate precursor, bis(N,N'-di-tert-butylacetamidinato)ruthenium(II) dicarbonyl, has been synthesized in our group and used to deposit ruthenium thin films with or without NH 3 as co-reactant. [7, 8] Highly pure and conductive films have been conformally deposited in holes with aspect ratio 40:1. [8] In this research, we report an ALD process for ruthenium thin films using this amidinate precursor and O 2 . We found that the growth mechanism is quite different from the process using NH 3 as a co-reactant.
Results and Discussion
The oxygen exposure has a significant effect on the growth behavior, structure and properties of ALD Ru films. The O 2 exposure (E O ) can be estimated from the number of O 2 molecules dosed per ALD cycle (n O ), the pumping speed (S) and the deposition temperature (T h ):
where R is the ideal gas constant, Similar behaviors were also observed in ALD Ru film depositions from Ru(thd) 3 , [6] RuCp 2 [4, 5] and Ru(EtCp) 2.
[9] X-ray photoelectron spectra (XPS) in figure 3a show that the Ru film has a high oxygen concentration in the topmost layer. After 30 s Ar + (3 keV) sputtering cleaning, the oxygen level decreases below the detection limit (~1%) of the XPS, which is consistent with the low solubility of oxygen in bulk Ru and further proves there is no buried RuO 2 phase. [10] The XPS spectra did not change after subsequent Ar + sputtering for longer times. The high resolution XPS of O1s (figure 3b) confirms the oxygen peak is ) of a 30 nm ALD Ru film imply that the carbon concentration is also low.
More sensitive detection of impurities was done with atom probe microscopy (APM), which uses the time-of-flight mass spectrometry and the point-projection microscopy to identify where atoms were originally located in the specimen in 3D. [11, 12] A film stack, Co 4 N (5 nm, capping layer) / Ru (10 nm, region of interest) / WN (3 nm, adhesion layer) (figure 4a), was deposited on a coupon with pre-sharpened Si micro-tips (tip radius ~10 nm, covered with a thin layer of thermal SiO 2 ) (figure 4b), which can be directly used as an APM sample without being contaminated by the standard sample preparation. A 10 nm Ru film was conformally deposited around the micro-tip, as is shown in the 3D Ru atom mapping (figure 5), in which each dot represents a Ru atom. Ru film was seriously roughened by oxidation, instead of peeling. [9] The film peeling during deposition presents a paradox: large amounts of oxygen can be accommodated in Ru surface or subsurface region (e.g. equivalent to 20 to 30 monolayers for Ru (0001)) [13] while the solubility of oxygen in bulk Ru is exceedingly low. [10] Denoting O C , R C and B C as the concentrations of oxygen in subsurface layer after O 2 pulse and after Ru precursor vapor pulse, and the bulk solubility respectively, we expect B R O~C C C  for a good deposition. Incomplete consumption of subsurface oxygen will lead to
and formation of a super-saturated layer after many ALD cycles. The interstitial oxygen atom has a radius somewhat larger than the octahedral interstice and needs to deform the close-packed Ru atoms for accommodation.
As the film grows thicker, the percent of the GB atoms is reduced and the chemical potential for interstitials is increased. The energy can be decreased by lowering the oxygen concentration in three possible ways: (1) diffusion of oxygen to the subsurface layer; (2) recombinative desorption of oxygen after diffusion to the film / substrate interface; [14] and (3) formation of buried RuO 2 and escape by further oxidizing some of RuO 2 to RuO x (x = 3 or 4). [15, 16] The round bumps imply that the desorption of O 2 or RuO x are most likely the mechanisms.
To distinguish the mechanism (2) from (3), it is critical to see whether the fractured Ru film is strongly oxidized. The formation of crystalline RuO 2 was not observed for films deposited at various temperatures and oxygen exposures by X-ray and electron diffractions. The reason may be that the lattice structures are quite different between RuO 2 (tetragonal) and Ru (hexagonal). Energy is needed to form GBs between two phases, which increases the activation energy barrier for RuO 2 nucleation. The amorphous phase of RuO 2 can also be excluded because of the good crystallinity (30 -50 nm grain size in figure 8b). [17] Grazing angle XRD (figure 8c) shows that all the three main peaks come from the hexagonal Ru phase and only a very weak peak can possibly be assigned to rutile RuO 2 (200), which may be due to post-deposition oxidation of the surface by air exposure. The grain size (L) can also be estimated from the Stokes and
Wilson method:
where  = 1.54 Å is the wavelength of the Cu K source,  the width of the peak at half maximum, and  the peak position. Gaussian fitting of the Ru (002) peak ·cm, which is 32% higher than the bulk resistivity (7.1 ·cm). The thin film resistivity is affected by scattering from GBs, impurities, interfaces and surfaces. [19] Because the grain size is approximately equal to the film thickness, the scatteringinduced-resistivity model can be simplified as: [19] 
where  is the thin film resistivity, 0  the bulk resistivity including the effect of impurity scattering, 0 t the characteristic length related to the electron mean free path and scattering effects of GBs, interfaces and surfaces, and t the film thickness. By linear fitting  to 1/t (figure 10b), we got 6 . 8 0    ·cm and nm 6 0  t . Thus the resistivity for thick films is extrapolated to be 8.6 ·cm, which is 21% higher than the bulk value. Assuming that both C and O have same scattering effect, the rate of the resistivity increase for these impurities can be estimated to be ~2 ·cm/at.%, which is close to the value for bulk Cu (1 ·cm/at.%). [19, 20] The deposition temperature has a less pronounced effect than O 2 exposure. The Saturation of the growth rate with increasing temperature was also observed for the Ru(thd) 3 and RuCp 2 systems, which suggests these ALD processes follow a reaction mechanism similar to the one discussed by T. Aaltonen et al.: Ru films are deposited by oxidizing the precursor ligands with dissociatively adsorbed oxygen from the subsurface region. [4, 6] The resistivity is near 10 ·cm for deposition temperatures from 320 The film resistivity was calculated from the thickness measured by X-ray reflectivity (XRR) (Scintag XDS2000) multiplying the sheet resistance measured by a four-point probe. The morphology was studied by scanning electron microscope (Zeiss FESEM Ultra55) and atomic force microscopy (Asylum MFP-3D). The crystal structure and phase were determined by X-ray diffraction (Scintag XDS2000) and electron diffraction (JEOL 2100). The roughness and crystallinity were characterized using AFM and transmission electron microscopy (JEOL 2100). The impurity concentrations and their distribution in the crystallites were measured by an atomic probe microscope (LEAP 3000X HR). Impurity analysis was also attempted by X-ray photoelectron spectroscopy (XPS ESCA SSX-100). The ALD Ru film density was obtained from the area density by Rutherford back scattering divided by the film thickness from XRR. 
